Objective-To study the short-term effects of inhaled nitric oxide in infants and young children with congenital heart disease. Setting-A supraregional referral centre for children with congenital heart disease. Patients and methods-22 infants and children aged 3-32 months (median age 5 months) with congenital heart disease undergoing preoperative cardiac catheterisation. AlU but one infint had intracardiac shunt lesions and 13 had increased pulmonary vascular resistance. Conclusion-The present study shows that in infants with congenital heart disease inhaled nitric oxide reduced pathologically increased pulmonary vascular resistance without affecting systemic circulation and without important side effects with brief exposure. (Br HeartrJ 1994;71:282-286) Increased pulmonary vascular resistance with pulmonary hypertension is a frequent complication in congenital heart disease,' and postoperative pulmonary hypertensive crisis is a major problem that may account for a substantial part of the postoperative mortality and morbidity.2 Until the discovery of the biological effects of nitric oxide (NO) there was no selective treatment to produce pulmonary vasodilatation. NO is a major endothelium derived relaxing factor3" that regulates blood flow and modulates the hypoxic pressor response in the lung.6 It is also present in exhaled air of human.7 Because it is rapidly inactivated by haemoglobin,8 the dilating effects of inhaled NO should be confined to the pulmonary vascular bed. The selective pulmonary vasodilating effect of inhaled NO in hypoxic pulmonary hypertension was shown in lambs9 and in healthy volunteers.'0 Inhaled NO was of benefit in the treatment of persistent pulmonary hypertension of the newbornm 12 and in the adult respiratory distress syndrome.'3 Recently Roberts et al showed that pulmonary vascular resistance was reduced by NO during cardiac catheterisation in infants with congenital heart disease'4 and we have also reported a dramatic effect in one case of postoperative pulmonary hypertension." NO, however, can cause methaemoglobinemia,'6 and in the presence of oxygen NO forms nitrogen dioxide, which is toxic in the lungs even in very low concentrations.'7-'9 No severe side effects were seen during or after the administration of NO at concentrations below 80 ppm in adults'0 13 but experience is still limited. In infants and children there is even less experience and the aim of this study was to investigate further the effects and side effects of brief inhalation of NO in infants and children with congenital heart defects.
children aged 3-32 months (median age 5 months) with congenital heart disease undergoing preoperative cardiac catheterisation. AlU but one infint had intracardiac shunt lesions and 13 had increased pulmonary vascular resistance. During catheterisation the patients inhaled nitric oxide in a concentration of 40 parts per million in room air. Pulmonary and systemic haemodynamic variables were evaluated by means of measured oxygen consumption and the Fick principle before and after 10 minutes' exposure to nitric oxide. Results-Inhaled nitric oxide did not affect the systemic circulation. There was a significant reduction in the pulmonary vascular resistance, but only in the 13 infants with pulmonary hypertension, in whom pulmonary vascular resistance was reduced by 34%/o from 8-6 (4.6) mm Hg.min.m2.M-l (mean (SD)) to [5] [6] [7] (3.5) mm Hg.min.m2.-l The pulmonary circulation in infants with normal pulmonary vascular resistance was not affected. No statistically significant increase in methaemoglobin was seen, though there were large individual differences. No other side effects were seen.
Conclusion-The present study shows that in infants with congenital heart disease inhaled nitric oxide reduced pathologically increased pulmonary vascular resistance without affecting systemic circulation and without important side effects with brief exposure. (Br HeartrJ 1994; 71:282-286) Increased pulmonary vascular resistance with pulmonary hypertension is a frequent complication in congenital heart disease,' and postoperative pulmonary hypertensive crisis is a major problem that may account for a substantial part of the postoperative mortality and morbidity. After oxygen uptake was measured, the hood was used to administer NO (fig 1) . We ensured a high turnover of the gas volume in the hood; to avoid accumulation of NO,, by setting the vacuum pump at a rate of 40 l.min-' NO from a stock concentration of 1000 parts per million (ppm), kept in pure nitrogen in a cylinder (AGA-Gas AB, Lidingo, Sweden) was added to the system by a flow meter at a rate calculated to give a fiNO of 40 ppm. Figure 2 shows the effect of NO on the pulmonary vascular resistance. In the seven patients with a normal pulmonary vascular resistance no significant effects were seen, whereas in all patients with raised pulmonary vascular resistance (n = 13) a reduction in resistance was seen. The mean reduction was 34%, from 8-6 (4-6) Um2 to 5-7 (3-5) Um2 (p < 0-001), and there was a linear relation between baseline pulmonary vascular resistance and the reduction (fig 3) . The effect on pulmonary artery pressure became obvious within a few minutes. In seven patients studied 10 min after discontinuation of NO, pulmonary vascular resistance had again increased but not to the pre-exposure value. All patients but one had intracardiac shunt lesions and consequently the direct effect of pulmonary vasodilatation on pulmonary artery pressure was lessened by an increased intracardiac shunt and increased pulmonary flow (fig 4) . Pulmonary flow increased from 6-2 (2-2) l.min-I.m-2 to 8-1 (4-7) l.min-'.m-2 (p < 0-05), and the mean pulmonary artery pressure decreased from 48-9 effects of inhaled NO. A thorough invasive evaluation of the haemodynamic consequences of NO inhalation may be carried out under controlled conditions. The premedication might cause some hypoventilation and thus affect the circulation: this, however, was a significant problem in only one infant. NO is a potentially toxic gas and the experience of NO inhalation in children is limited. To reduce the risk of accidental intoxication we used a stock gas with a NO concentration of 1000 ppm (0 1%) certified to contain less than 15 ppm NO2, and both NO and NO2 concentrations in the hood were monitored. The time weighted average for 8 h daily human exposure to NO and NO2 by the US occupational Safety and Health Administration is set at 25 ppm and 5 ppm respectively.22 The corresponding Swedish limit for NO2 is 2 ppm. Measurements before patient exposure indicated that at 40 ppm NO, the NO2 concentration was below 2 ppm, whereas significantly higher values were reached at 80 ppm. Thus patient exposure was limited to 40 ppm NO. Cigarette smoke contains 400-1000 ppm NO.23 Consequently, we did not consider that this brief exposure constituted a significant risk.
Determinations of flow index and resistance in the pulmonary and the systemic circulation in infants with shunt lesions are complex and the indicator dilution techniques are unreliable. A technique based on measured oxygen consumption and the Fick principle is currently regarded as the most reliable method. However, each calculation requires a new set of blood samples from pulmonary and systemic arteries and veins to determine the oxygen content. This is time consuming and precludes numerous determinations of flow and resistance. Since most infants evaluated for cardiac surgery are small, and some may be in heart failure, the procedure must not be unduly prolonged. Therefore NO was given in only one concentration and the dose-response effect could not be investigated. In lambs up to 80 ppm NO is required to reverse fully hypoxic vasoconstriction,9 whereas in human adults as little as 10 ppm NO can completely dilate the pulmonary vascular bed.'0 The concentration of 40 ppm was chosen because it was expected to give sufficient vasodilatory effect, to be well below toxic NO concentrations, and to minimise NO2 exposure. In a recently published report, also on the effect of inhaled NO in infants during catheterisation, Roberts et al used 20, 40 , and 80 ppm NO sequentially.'4 They found the greatest reduction in pulmonary vascular resistance with 80 ppm NO, but the effect was not significantly different from that of 40 ppm and the different concentrations were only tried in an ascending sequence, which makes it difficult to evaluate the dose-response curve. In that study the mean reduction in pulmonary vascular resistance was 26%, with inhalation of 80 ppm NO, compared with 34% in our study.
Changes in pulmonary vascular resistance may be difficult to detect when baseline pulmonary vascular resistance is low. None the less our findings of no response to NO when resistance is normal accord with earlier studies in both lambs and humans.9'0 The dependence of the pulmonary vascular response to NO on initial pulmonary vascular resistance suggests that the NO vasodilator tone may be disturbed in pulmonary hypertension associated with congenital heart disease. This accords with other findings indicating that endothelial dysfunction is an early event in the development of pulmonary vascular disease in infants with congenital heart disease.2425 In the infants with raised pulmonary vascular resistance, NO reduced but did not normalise pulmonary vascular resistance, and there was a linear relation between initial pulmonary vascular resistance and the reduction by NO (fig 3) . This indicates that only a part of the increased pulmonary vascular resistance is susceptible to influence by NO. The remaining increase in pulmonary vascular resistance during NO breathing may be attributed to structural changes in the pulmonary vessels' or perhaps to secondary vasoconstriction not affected by NO. NO inhalation is known to abolish hypoxic pulmonary vasoconstriction,9'0 and several of the infants we studied did not have full systemic oxygen saturation. However, there was no relation between initial left atrial or aortic oxygen saturation and the reduction in pulmonary vascular resistance induced by NO, indicating that the effect of inhaled NO in these infants reflects more than a reversal of hypoxic vasoconstriction.
Ten of the 13 infants with increased pulmonary vascular resistance, had Down's syndrome: this distribution is typical of patients with pulmonary hypertensive problems.26 Chronic hypoventilation and underdevelopment of the pulmonary vascular bed are two reported causes of the high incidence of pulmonary hypertension in patients with Down's syndrome.2728 Furthermore, many infants with Down's syndrome have atrioventricular septal defects and this malformation is frequently associated with increased pulmonary vascular resistance irrespective of chromosomal abnormalities.29 The three infants without Down's syndrome showed an average reduction in pulmonary vascular resistance of 32%, and the four infants with a heart malformation other than an atrioventricular septal defect showed a mean reduction of 38%. This indicates that the response to NO is related primarily to vascular resistance itself rather than to the underlying cardiac malformation or chromosome aberration.
Though this brief exposure had no statistically significant effect on methaemoglobin, there were large individual differences. A few infants reached concentrations at which methaemoglobin could have a negative effect ( fig 5) . This indicates that methaemoglobin must be monitored closely if NO is used for longer periods. NO also affects platelet activity5 but no bleeding problems were seen during or after catheterisation.
In conclusion, we found that brief inhalation of NO reduced the increase in pulmonary vascular resistance in children with congenital heart disease without affecting systemic circulation and without causing important side effects. The findings suggest that the NO vasodilator tone in the lungs is disturbed in infants with congenital heart disease and increased pulmonary vascular resistance. Inhaled NO is the first substance that has been shown to cause a selective dilatation in the pulmonary vascular bed in infants with congenital heart disease and pulmonary hypertension. The results encourage us to consider the possibility of using inhaled NO to treat postoperative pulmonary hypertensive crises and studies are currently under way.
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